Abstract. The paper is concerned with emission or absorption of radiation by a system of atomic ions plus free electrons. Two processes occur: (a) free-free transitions of the electrons in the fields of the ions; and (b) broadening and shifts of the ion lines produced by the ambient electrons. These two processes are manifestations of a single quantum mechanical process involving the radiative matrix elements between initial and final states of the (electron + ion) system. Calculations are made using a code STGFF which is an addition to the package of codes used in the course of the work of the opacity project (OP).
Introduction
When radiation is absorbed by a gas containing free electrons and atoms X +m , assumed to be in thermodynamic equilibrium, two processes can occur: free-free absorption by the electrons,
in the fields of the atoms, without any change in the atom states; and line absorption by the atoms,
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involving an atomic transition X +m i →X +m f . We use E i , E f for the atom energies and i , f for the electron energies. For (1) we havehω = ( i − f ) and for (2)
wherehω 0 = E f − E i . The presence of the free electron in (2) can cause a broadening of the spectrum line and a shift in the frequency of maximum absorption. Strictly speaking, the two processes (1) and (2) should be described as a single quantum-mechanical process of absorption by the gas, since there can be effects of interference between the contributions from (1) and (2) to the total transition amplitude. Extensive calculations have been made for free-free transitions of electrons in the fields of neutral atoms. Such transitions in the (e − + H) system largely determine the opacity of the solar atmosphere at infrared wavelengths and great efforts have been made to determine the cross section accurately (for references, see Bates 1978) . More recently, calculations for the neutral-atom case have been made using R-matrix methods (Bell et al 1977) and results have been obtained for: H (Bell and Berrington 1987a, b) ; He (Bell et al 1982) ; Ar (Bell and Berrington 1987c) ; Kr (Bell et al 1988b) ; C (Bell et al 1988a) ; N (Ramsbottom et al 1992) ; and Li (Ramsbottom and Bell 1996) .
There have been numerous semiclassical calculations for broadening of spectral lines in neutral atoms by electron impact but, to my knowledge, no fully quantum-mechanical calculations except for the (e − + H) system which is a special case because of the (n ) degeneracies.
Free-free transitions of electrons in the fields of bare nuclei have many important applications, from nuclear physics (the bremsstrahlung process) to radio astronomy (see Brussard and van de Hulst 1962) . Tabulations of rate coefficients, from quantum-mechanical calculations, are given by Karzas and Latter (1961) . Calculations of free-free transitions in non-hydrogenic ions have been made by Peach (1967) using extrapolated quantum defects (a generalization of the method used by Bates and Damgaard (1949) for bound-bound transitions and that of Burgess and Seaton (1960) for the bound-free case). Also various calculations have been made for free-free transitions in the fields of atomic ions in their ground states using potentials with a Coulomb form at large distances and suitable short-range modifications (see Iglesias et al 1992) . In this paper we include excited states of the target ions which can lead to important modifications in the free-free cross sections due to inclusion of Rydberg series of resonances.
For non-hydrogenic ions in plasmas electron impacts usually provide the dominant broadening mechanism in the vicinities of line centres and a number of fully quantummechanical calculations have been made using the impact approximation (see section 2.4 below). As one moves away from line centres, more accurate results are given by the oneperturber approximation (see section 2). Although the one-perturber theory involved has been known for a long time, there have been only very limited previous attempts to use it in numerical computations.
In the present paper we use the theory as presented by Seaton (1987a) . That paper was the first in a series entitled 'Atomic data for opacity calculations' and will be referred to as ADOC I. This paper is a continuation of the ADOC effort. R-matrix methods are used (see Berrington et al 1987, ADOC II) .
We obtain absorption coefficients for free-free transitions, including cases for which Rydberg series of resonances are important, and line-profile parameters calculated using both the one-perturber and the impact approximations.
'Spectator' electrons
More generally, we consider the absorption of radiation in a spectrum line in the presence of a 'spectator' electron. We shall consider three cases.
(a) The spectator is a free electron in both initial and final states. We use the impact approximation and one-perturber theories, as described above. (b) Initially, the spectator is in an excited bound state. Photo-excitation of the ion core can leave the spectator in a state which can auto-ionize. The process produces what Yu Yan and Seaton (1987, ADOC IV) refer to as PEC resonances (photo-excitation of the core) in photo-ionization cross sections. The process is just the inverse of that considered for di-electronic recombination. (c) The spectator is in a bound state before and after excitation of the core. One obtains satellite lines with central frequencies not very different from those for excitation of the unperturbed core.
Theory
We consider a plasma in what the astronomers refer to as local thermodynamic equilibrium (LTE). The material particles are assumed to have distributions in accordance with thermodynamic laws (Maxwell velocity distributions and level populations satisfying the Boltzmann equation), but the radiation field is not necessarily that of a black body. Let N(X +m ) be the total number of ions X +m in some specified ionization stage, and N(X +m a ) the number in energy level a. Then
where k B is the Boltzmann constant, W (a) is an occupation probability factor and
is the partition function for atoms X +m . The factors W (a) are discussed by Hummer and Mihalas (1988) : they are close to unity for low states (except in very dense plasmas) and tend to zero for states which are sufficiently highly excited.
Throughout this paper we omit a factor of [1−exp(−hω/k B T )], which should be included to allow for stimulated emissions.
The one-perturber theory
In the one-perturber theory it is assumed that the absorption can be calculated by considering states of one ion and one electron. The theory gives an absorption coefficient both for the free-free background and in the vicinity of pressure-broadened spectrum lines. For free-free transitions the assumptions of the theory are valid except for very low frequencies, of interest for radio astronomy, where it may be necessary to introduce plasma-shielding effects involving the Debye radius. The assumptions fail in the immediate vicinity of line centres (see section 2.3 below).
From ADOC I, the one-perturber theory gives an absorption coefficient per unit length for frequency ω of
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where
• N e is the number of electrons per unit volume; U e is the electron partition function (number of electron states per unit volume),
(we consider non-degenerate gases, N e U e ); • S is the total line strength,
where (N + 1) is the total number of electrons in the system and where the summation in (8) is over all degenerate initial states i and final states f ; • E is the total energy of the electron + ion system in the initial state and E +hω is the energy in the final state, after a photon has been absorbed; • the functions i (E) and f (E +hω) are wavefunctions for the electron + ion system in the initial and final states, normalized to
and a similar equation for f (asymptotic forms of the functions will be given in section 2.5).
The line absorption coefficient
In the vicinity of a spectrum line due to a transition i → f in the ion, the absorption coefficient is (see (4.10) of ADOC I)
where S L (f, i) is the line strength for the transition in the ion,
R = n r n (the summation being over all electrons in the atom) and ϕ(ω) is the line-profile factor normalized to
The line centre is at ω 0 ,hω 0 = E f − E i .
The one-perturber expression for the line profile
In the vicinity of the spectrum line, κ(ω) is largely determined by the contribution from the line. Equating (6) and (11) and using (4) we obtain
It will be shown in section 3.4 that from (14) one obtains
where γ (ω) is proportional to N e and remains finite in the limit of ω → ω 0 . Equation (15) is clearly invalid close to the line centre, since it gives ϕ(ω 0 ) to be infinite, but it is a valid approximation in the line wings.
The impact approximation
Near the line centre (small values of |ω−ω 0 |) many impacts contribute to the line profile during the absorption of a single photon. The required theory is known as the impact approximation. It is described by Griem (1974) and, in full quantum-mechanical detail, by Baranger (1958a, b) who obtains an expression of the form (16) with a width parameter γ (ω 0 ) and a shift parameter x both proportional to the electron density N e . The width parameter γ (ω 0 ) from the impact approximation is equal to the parameter γ (ω 0 ) from the one-perturber theory. The one-perturber theory does not give a shift parameter. In the line wing, |ω − ω 0 | |x/2| and |ω − ω 0 | |γ (ω 0 )/2|, the profile from the impact theory reduces to
which differs from (15) of the one-perturber theory in that γ (ω) in (15) is replaced by γ (ω 0 ) in (17). In the line wings, equation (15) will be the more accurate.
Wavefunction expansions
We use indices j for the state of the atom (j = i or f ), for the orbital angular momentum of the colliding electron, and (SLπ ) for the angular momenta and parity of the (electron + ion) system. For given (SLπ ) we put γ = (j, ) and use wavefunctions
where X denotes all space and spin coordinates of the atom, and (σ,r, r) denotes the spin, angular and radial coordinates of the colliding electron. In (18), χ γ (X, σ,r) is a vectorcoupled product of atom states times functions of (σ,r), and A is an antisymmetrization operator. For initial states we put γ = α = (i, i ) and take the radial functions to have asymptotic forms
where S(α , α) is an element of the scattering matrix and the φ ± are Coulomb functions with asymptotic forms
where ζ is the usual Coulomb phase function, k = mv/h is the wavenumber and = mv 2 /2. The radial functions for the initial states have unit amplitudes for the incoming waves, φ − α . For the final states we put γ = β = (f, f ) and use functions with the asymptotic form
with unit amplitudes for the outgoing waves, φ + β . With functions satisfying (19)-(21) the functions γ are normalized to
Specifying the summations explicitly, the line strength is
where D is given by (9).
Computational methods
The computational methods and associated codes used in the ADOC work were described in ADOC II. R-matrix methods were used (see Burke and Berrington 1993) . The codes are:
• STG1, STG2 and STGH perform the basic R-matrix calculations. STGH produces files H (data for the calculation of the R-matrix) and D (data for the calculation of radiative integrals); • STGB and STGBB for the calculation of bound states and bound-bound transition probabilities; • STGF for free-electron calculations (gives a file F for the radial functions);
• STGBF for bound-free transitions (photo-ionization);
• STGD for line-profile parameters in the impact approximation;
• STGFF for free-free transitions and one-perturber theory.
The code STGD was used by Seaton (1987b Seaton ( , 1988 and Burke (1992) (ADOC V, VIII and XVIII). The code STGFF was advertised in ADOC II as part of the package but was not written at the time when that paper was published.
The code STGFF
STGFF reads data from the files H, D and F. For the computational work we use atomic units (au, where e = m =h = 1). We set λ = k B T in atomic units (λ = T /315 773, with T in K). The electron partition function in atomic units is
Unless the contrary is stated, we take particle densities N to be in atomic units,
, where a 0 is the atomic unit of length. We put
where σ is proportional to N e and has the dimensions of a cross section. Using atomic units, κ is in units of a (26) where α fsc is the fine-structure constant. From (14), the line profile in the one-perturber approximation is
We put
where α = (i, i ) and β = (f, l f ) as in section 2, and (omitting the specification of SL π , SLπ)
with summation over all electrons in the target ion, and where r is the space coordinate for the colliding electron.
We have an R-matrix boundary at r = a, where a is large compared with all mean radii for the atomic states. For r a the radial functions are solutions of
where z is the charge on the ion,
and
with E being the total energy, E γ that of the target and γ that of the colliding electron.
For transitions between bound states, with radial functions which decay exponentially in the outer region, inclusion of the outer-region multipole potentials V γ,γ (r) does not lead to much change in calculated transition probabilities (Yu Yan et al 1987, ADOC III) , but their inclusion is of greater importance for the free-free case. For the present exploratory studies we omit those potentials. According to experience in the opacity project (OP) work, that approximation can lead to errors of about 15% in calculated absorption coefficients and line-profile parameters but does not invalidate any of our main conclusions.
For the dipole integrals we put
where D I and D O are contributions from r a and r a. The inner-region integrals D I are calculated using methods described in ADOC II and data from the D file. Due to the antisymmetrization in (18) we cannot distinguish between the contributions from R and r to the integrals D I .
For the outer-region integrals such a distinction can be made:
Allowing for the vector coupling in χ α , χ β we obtain
where > is the larger of i , f ; and
and where W (abcd; ef ) is a Racah coefficient and L f , L i and S i = S f are total angular momenta for the atom states. We shall refer to the terms in A(α, β) as the AMAT contributions (of importance for free-free transitions) and those in B(α, β) as the BMAT contributions (of importance for line profiles).
The free-free integrals
Using f for F α α and f for F β β , the outer-region free-free (AMAT) integrals are
Neglecting the outer-region multipole potentials, the functions f and f are solutions of
For the free-free integrals we have = ± 1. We use real-axis numerical integrations out to r = r 1 , where r 1 is such that asymptotic expansions can be used for r r 1 : and then complete the integrations using methods described by Sil et al (1984) .
Use of dipole acceleration forms.
The integrals (f |r|f ) O are divergent in the limit of ω → 0. We convert them to dipole acceleration forms, giving (f |r|f ) O proportional to (f |1/r 2 |f )/ω 2 plus a surface term (see Seaton 1986) , where (f |1/r 2 |f ) is always convergent. In the limit of small ω we therefore obtain S ∝ ω −4 and κ ω ∝ ω −3 .
The overlap integrals
The outer-region overlap (BMAT) integrals,
have coefficients which are non-zero only for = . We can therefore use functions satisfying (42) with
we obtain
is a Wronskian.
is a rapidly varying function of the energies in the limit of r large, and W (f * , f |r → ∞) therefore gives a zero contribution to integrals over E, such as that in (6). We may therefore put
We continue to use (48) in the limit of → (see ADOC I).
The line profiles
3.4.1. The width parameter γ from the one-perturber theory. In (48) we may put (
From (15) and (14) (
which remains finite in the limit of ω → ω 0 .
Line profiles near line centres. In the limit of
is independent of r and is conveniently evaluated in the limit of r → ∞. Putting f = F α α and f = F β β and using (19)- (21) lim
The derivation is continued as in ADOC I. We put
and, for ω = ω 0 , obtain
where S iSLπ ( , ) and S f SL π ( , ) are scattering matrices for elastic scattering in the initial and final states. The impact theory (Baranger 1958a, b) gives an expression for (γ (ω 0 ) + ix) which differs from the expressions (52)-(54) of the one-perturber theory for γ (ω 0 ) only in that 'Re' is omitted in (54) (the imaginary part gives the shift parameter x). The line profiles in the vicinity of line centres, from the impact and one-perturber theories, are given by (15) and (16).
Our calculations using the impact approximation are made using STGD.
Line profiles away from line centres.
The expressions for γ (ω 0 ) depend only on the elastic scattering elements of the scattering matrices for the initial and final states. When we move away from the line centre we must: include contributions from the inner-region integrals D I ; include the free-free integrals (41); and calculate the outer-region overlap integrals using (48). Given ϕ(ω) from (14), we take (15) to provide the definition of γ (ω), which can be calculated using
Use of quantum defect theory
The cross sections for collisions with positive ions involve many resonance features and it is therefore convenient to make some use of quantum defect theory (QDT). The use of QDT for free-free transitions is a straightforward generalization of that for bound-free transitions (see Seaton 1983, Dubau and , and need not be described in any detail. Let ν be an effective quantum number in closed channels. Resonance structures have behaviours which are, in general, nearly periodic in ν with periods of unity. The codes STGF and STGBF have options which permit the use of energy meshes with constant intervals in ν, and which therefore give comparable resolutions for both the lower resonances and high resonances. In STGFF we need to evaluate integrals of the type (8) for many values of the frequency ω and for that purpose it is convenient to use energy meshes with constant intervals δE in E i and E f . That implies a resolution of resonances which deteriorates as ν increases. If improved resolution is required for high resonances (see, for example, figure 7 below) it can be obtained using QDT techniques. Our main use of QDT is, however, in calculating cross sections averaged over resonances. We normally use cross sections with resolved resonances up to ν = 10 and averaged cross sections for ν 10. The procedure of averaging before calculating thermal averages, is justified by the fact that the factor exp(−E/k B T ) in (6) varies slowly compared with the energy variations in the regions of high resonances.
Calculations
We reiterate that all quantities are given in atomic units unless the contrary is stated. We take all energies E to be relative to the energy of the ground state of the ion X +m .
Collisions with bare nuclei
For electron collisions with bare nuclei of charge z the free-free absorption coefficient is given by
where g is the thermally averaged Gaunt factor. A good many papers have been published on the calculation of g and a number of references are given in the paper by Hummer (1988) , which provides a computer code which we use. We note that equation (2.29) of Hummer gives an absorption coefficient 'per steradian': the expression given by that equation agrees with (56) when multiplied by a factor of 4π . Figure 1 shows g for H + at T = 10 000 K. As a check on the code STGFF we use R-matrix data for hydrogenic systems from Yu Yan and Seaton (1985) . We first check that the free-free integrals from STGFF agree with results (in dipole acceleration form) tabulated by Burgess et al (1970) . We then use the sum-rules of Burgess (1974) to complete the summations over ( , ), and obtain values of g in close agreement with those from the code of Hummer.
Given values of κ ω calculated for non-hydrogenic targets, we use (56) to provide a definition of g.
Helium-like targets
We make further checks on the code by considering collisions with He-like targets: Li II, C V and Fe XXV with charges of z = 1, 4 and 24. We consider single-configuration targets, configurations 1s
2 .
Figure 1. The thermally averaged Gaunt factor g for transitions in the field of H + at T = 10 000 K, plotted against log(ω) with ω in atomic units.
Comparison of results from STGBF and STGFF.
We first compare results for boundfree and free-free transitions. Using atomic units, the cross sections for photo-ionization (bound-free transitions) are given by
with the wavefunction for the initial state normalized to unity and that for the final state normalized per unit energy. Consider a series of bound states n with constant quantum defect µ and energies
The photo-ionization cross section per unit energy of the initial state is therefore
The corresponding cross section for free-free transitions, with given initial and final energies, is
with functions for both initial and final states normalized per unit energy. The photo-ionization cross sections for 1s 2 ns states of Li I have an interesting nonhydrogenic feature in that they have maxima just above the photo-ionization thresholds. Figure 2 shows the cross sections dσ BF /dE calculated using STGBF for n = 2, 4, 6, 8 and 20, and the cross section dσ/dE calculated using STGFF for E i = 0 corresponding to n = ∞. Some way above threshold the differential cross sections are seen to be insensitive to the energy of the initial state, and results from STGFF are in close agreement with those from STGBF. In the near-threshold region the results for n = ∞ are seen to be reasonable extrapolations of those from STGBF.
Convergence of partial-wave expansions.
In general, ω 3 dσ/dE tends to a finite limit for ω → 0, but for the special case of E i = 0, ω 3 dσ/dE tends to zero in that limit, as a consequence of cancellation effects in the matrix elements. Figure 3 shows results for s → p and p → s transitions with E i = 0.0, 0.1 and 0.2 au. Table 1 gives some illustrative results for the rates of convergence in the partial-wave expansions. In that table we consider the case of Li II with E i = 0.1 au and E f = 0.2 au. The top-up contribution for > 6, obtained using the Burgess sum rules, is seen to be quite small. The rate of convergence in the expansions is much faster at higher frequencies (energetic photons are absorbed, or emitted, only for close encounters). Figure 4 shows contributions g to g from ( , ) = (0, 1), (2, 1), (2, 3), (4, 3) and (4, 5) (transitions → and → ). At ω = 1 the whole sum is dominated by contributions from ( , ) = (0, 1) and (2, 1).
Free-free transitions.
We consider non-hydrogenic effects on Gaunt factors for the three He-like ions, X + = Li II, C V and Fe XXV. Figure 5 gives values of g(X + )/g(H + ) against z-scaled frequencies ω/z 2 . All calculations are made using z-scaled temperatures of z 2 T with T = 10 000 K. The non-hydrogenic effects are largest at large values of ω because of the faster rates of convergence of the partial-wave expansions (see figure 4) . For Li II these effects give increases in g by a factor of about two at ω = 1 au. The effects are seen to decrease with increasing charge and to be quite small for Fe XXV, for which the presence of the 1s 2 shell is of little importance. On the other hand, for small ω the convergence is very slow and it is imperative to use the top-up procedures to complete the summations. 
C IV targets

Overview for C IV.
In the previous section we considered cases with just one target level, giving no line radiation and cross sections without resonances. In the present section we consider C IV targets including target states 1s 2 2s and 1s 2 2p, giving resonances and inclusion of the 2s-2p spectrum line, which occurs with a central frequency ω 0 = [E(2p) − E(2s)]. We obtain wavefunctions for C IV using the code SUPERSTRUCTURE (Eissner et al 1974) and obtain ω 0 = 0.296 33 au. The calculated line strength for the 2s-2p resonance line is S L = 2.967.
For the (C IV + e − ) system we have bound states of the type 2sn with = 0, 1, 2, etc. For such states we put E = E(2s) − z 2 /(2ν 2 ), where z = 3 is the residual charge and ν is an effective quantum number. We also have states 2pn and may put E = E(2p) − z 2 /(2ν 2 ). For E = E(2s), i.e. at the 2s threshold, we obtain ν = ν 0 where ν 0 = z/(2ω 0 ) 1/2 = 3.8968. All of the states 2p3 have ν < ν 0 and are therefore true bound states which perturb the 2sn series. Some, but not all, of the 2p4 states are also bound. The states 2pn which lie above the 2s limit and which have SLπ = 1,3 S, 1,3 P o , 1,3 D, etc can undergo auto-ionization, while those with SLπ = 1,3 P, 1,3 D o , etc, are true bound states in LS coupling (which is assumed in this paper).
For energies below the 2p limit, the auto-ionizing states produce resonances in the freefree cross sections. Figure 6 shows the cross section dσ/dE from STGFF against ω for an initial state (SLπ ) i = 1 S with E i = 0. It shows the following features: (a) the ω −3 behaviour for small ω; (b) resonances in the free-free cross section due to auto-ionizing final states 2pns and 2pnd 1 P o ; and (c) the line feature at ω ω 0 . For figure 6 we show resolved auto-ionizing features for n 10 and use Gailitis averaging for n > 10.
In the codes we use z-scaled energies E(codes) in Rydberg units, E(codes) = (2/z 2 ) × E(atomic units), and usually employ an interval of δE(codes) = 1.E−4 giving δE = 4.5E−4 au for C IV. In most cases this provides adequate resolution for resonances with n up to 10. Figure 7 show some detail from figure 6 with a higher resolution for resonances up to n = 24, obtained using techniques of QDT. The heavy curve, starting at n = 10, shows the cross section averaged over resonances.
Comparison of results from STGBF and STGFF.
The comparisons of results from STGBF and STGFF are complicated by the fact that the series of bound states 2sn are perturbed by states of the type 2pn . Thus the 2sns series is perturbed by 2p3p 1 S and by a state 2p4p lying just below the 2s limit. Figure 8 shows, for the near-threshold region, dσ/dE for initial 1 S states from STGBF for n = 10, 20 and 40, together with dσ/dE from STGFF for E i = 0, i.e. for n = ∞. It is seen that one must go to large values of n in order to see the continuity between the STGBF and STGFF calculations. Figure 9 shows the PEC features in dσ/dE for initial states 2sns 1 S with n = 8, 9, 10, 20 and 40 from STGBF and for n = ∞ from STGFF. Again, one must go to large values of n before the continuity is apparent. For initial occupation-probability factors in calculating partition functions (Hummer and Mihalas 1988) . Table 2 gives ionization fractions for log(T ) = 4.75, log(N e ) = 17.5 (whenever we give values of log(T ) and log(N e ) we take T to be in K and N e to be in cm −3 ), a case for which C IV is the dominant ionization stage. We shall give a number of results for the temperature and density of table 2. Table 2 . Ionization fractions for C at log(T ) = 4.75, log(N e ) = 17.5.
Figure 10. The effective Gaunt factor g for C IV relative to that for a hydrogenic system, log(T ) = 4.75.
In this paper we consider a model C IV ion with just two levels, 2s and 2p, and include only those two levels in calculating the partition function U(C IV) with occupation-probability factors of unity. Figure 10 shows results for thermally averaged Gaunt factors, g(C IV)/g(hydrogenic), for log(T ) = 4.75. When we considered a fixed initial electron energy and variable final energy we obtained many resonance features, as illustrated in figures 6-9. Those features are mainly due to transitions between continuum states and resonance states and the frequencies at which they occur depend on the chosen value for the initial energy. When one carries out the thermal averaging over the initial energy, most such features are largely smeared out. The features which remain, and which are shown in figure 10, are due to transitions between resonances, 2pn → 2pn . Some of the resonances are very narrow and give sharp spikes in figure 10. Figure 11 shows for the C IV 2s-2p line at log(T ) = 4.75. The full curve is from STGFF and the cross gives the value of (0) from STGD. The two codes give close agreement for (0), (0) = 28.07. With log(N e ) = 17.5, N e a 3 0 = 4.686E−8 and γ (0), equal to N e a 3 0 (0), has the value of 1.315E−6. The shift parameter, from STGD, is x = −5.131E−7. In comparing the line profiles from STGFF and STGD we neglect the shift. 
The free-free background.
The line profile.
from the impact approximation. Within the range for the upper part of figure 12, |ω − ω 0 | 0.5E−5, there is no significant difference between γ (ω 0 ) and γ (ω).
We define cross sections
The lower part of figure 12 shows, on a much more expanded scale, σ from the one-perturber theory as a full curve and σ from the impact approximation as a broken curve. In the wings the cross sections from the one-perturber theory go over smoothly to those for the free-free background, while the cross sections from the impact approximation go to zero in the far wings. The profile from the impact approximation should be used in the vicinity of the line centre and that from the one-perturber theory in the line wing. There is an extensive intermediate region in which the two theories give results in quite close agreement. A formula giving a smooth join of the results from the two theories is given in ADOC XIII.
The PEC resonances. We consider transitions from states 2sn
2S+1 L with = L to states 2S+1 L . The photo-ionization cross section is
For the lower n states we can calculate σ BF and profiles of PEC resonances directly using STGBF. For the higher states it is more convenient to use asymptotic formulae. Retaining only the BMAT contributions we have
where, from (40) for the case being considered,
We note that Figure 12 . The C IV 2s-2p line profile, log(T ) = 4.75. Full curves, one-perturber theory; broken curves, impact approximation. Upper plot, the profile ϕ near the line centre. Lower plots, the quantity σ defined by (60) going out to the line wings.
which is just the statistical weight for the outer electron in the final state. For photo-ionization and PEC resonances we have L = L ± 1. Satellite lines are produced by transitions with
where P n (r) is the radial function in the initial state and P ν (r) that in the final auto-ionizing state 2pν . For the higher states the contributions from the outer region, r a, are larger than those from the inner region and we neglect the inner-region contributions. An asymptotic expression for is given by Yu Yan and Seaton in ADOC IV. The function for the initial state is assumed to be unperturbed. In the final state the scattering matrix has poles at complex values of ν, ν = (n − p − iq) where (p + iq) is a complex quantum defect (see Seaton 1983) . The expression obtained in ADOC IV is
The energies are
for the initial state and
for the resonance state, with ν p = (n − p). It is further shown in ADOC IV that, for 2πq 1, the profile near the centre of the feature can be approximated by
The profile (72) is normalized to dω = 1. We correct two errors in ADOC IV: ϕ 1 is given incorrectly as ν 3 /(2z 2 ) and the expression corresponding to (72) has ω 0 in place of ω p . Figure 13 shows some results for the PEC resonance with initial state 6d 1 D. The top part shows σ BF on a linear scale against (ω − ω 0 ). The two peaks are due to the two final states, L = 1 and 3. They are shifted from the position ω = ω 0 because the two values of ν p are not equal to ν i . The heavy curve gives the cross section directly from STGBF and the lighter line that from equation (66). There are some differences mainly due to the fact that the initial 6d state is not completely unperturbed. In principle, use of STGBF gives the more accurate results for the PEC resonances. However, the numerical methods used in STGBF, which are similar to those described in section 3.3, can involve division of small numbers by small numbers and become prone to numerical error for the high states. The use of the asymptotic formulae for the high states is therefore to be preferred. In practice, we use STGBF for all states with n 5 and the asymptotic formulae for n > 5. That involves neglect of the BF background (the AMAT terms) for n > 5.
The lower part of figure 13 shows log(σ BF ) for 6d 1 D against ω on a much more expanded scale. The heavy curve is again from STGBF, the thin curve is obtained using the profile factor (66) and the broken curve using the Lorentz form (72).
The contribution to κ from photo-ionization of X +m−1 is
In order to compare with results from STGFF we put
defining K BF ,
The equation for the ionization equilibrium is
Figure 13. The PEC feature for an initial state C III 2s6d 1 D. Upper plot, the cross section σ BF against (ω − ω 0 ) where ω 0 is the frequency for the centre of the line 2s-2p; heavy curve, from STGBF; lighter curve, from the asymptotic formula (62). Lower plot, log(σ BF ) against ω on a more expanded scale: heavy curve, from STGBF; lighter full curve, from the asymptotic formula (62) and profile factor (66); broken curve, using the profile factor (72).
We note that, with energies relative to the ground state of X +m , E(X
). It follows from equation (4.42) of Hummer and Mihalas (1988) that, for log(T ) = 4.75 and log(N e ) = 17.5, W (n) e −1 for n 10. We make a hard cut-off, take W (n) = 1 for n 10 and W (n) = 0 for n > 10. The upper plot in figure 14 shows K BF in the vicinity of the PEC resonances, ω ω 0 . Figure 14 . Upper plot, the quantity log(K BF ) for all PEC resonances in C IV. Lower plot, the quantity log(K BB ) for all satellites to the C IV 2s-2p resonance lines. Both plots are for log(T ) = 4.75, log(N e ) = 17.5.
The satellite lines.
All states 2p3 lie below the 2s ionization limit and are therefore true bound states. Table 3 
and the contribution to κ from the lines of X Figure 15 . The complete spectral feature in the vicinity of the C IV 2s-2p spectral line. Full curve, the sum of contributions from the one-perturber theory and impact approximation near the line centre, the PEC resonances, and the satellite lines. Broken curve, the one-perturber theory only. log(T ) = 4.75, log(N e ) = 17.5.
with the definition of K BB being similar to that of K BF in section 4.3.6. We use data from table 3 for the n = 3 satellites and for all other satellite lines we calculate the energies of all bound states 2sn and 2pn using STGB and take S BB = [(2S + 1)(2L + 1)/6]S L . It remains to estimate the profile ϕ Sat in (78). We assume that the presence of the spectator n electron will not have a large effect on the linewidth and therefore take ϕ Sat equal to the profile ϕ for the resonance line. On the lower plot of figure 14 we show log(K BB ). Since the lines are narrow we use an interval of δω = 4.5E−6, i.e. 100 times finer than the interval of 4.5E−4 used elsewhere. It follows from (63) that the integrated absorption in the satellite lines, K BB dω, will be approximately equal to one-half of the integrated absorption in the PEC resonances. Figure 15 shows, as a full curve, the total K when one adds contributions from STGFF, PEC resonances and satellite lines: and, as a broken curve, the contribution from STGFF alone.
Absorption in the vicinity of the resonance line.
The total absorption by carbon atoms in all ionization stages.
In the present section, up to this point, we have been concerned with that part of the absorption by carbon which is proportional to N(C +3 ) N e : the C +3 + e − free-free, the C +3 resonance lines broadened by electron impacts; and absorption by C +2 in the vicinity of the resonance lines, giving PEC resonances and satellite lines.
In the work of the Opacity Project, on the other hand, we considered the total absorption by carbon atoms in all ionization stages. The absorption coefficient was taken to be κ ω (total) = N(C) σ ω (total) where σ ω (total) depends on T and N e . For the calculation of Rosseland mean opacities we used a frequency variable u = hν/k B T with an interval of δu = 2E−3 (Seaton et al 1994) , but in later work on the calculation of radiation-pressure forces we used a finer mesh of δu = 2E−4. In order to compare with this paper we put κ ω (total) = N(C)N e K ω (total). The quantity K ω (total) is shown in figure 16 for the case of log(T ) = 4.75, log(N e ) = 17.5, using the finer δu mesh. In the OP work we used C +3 atomic data somewhat more accurate than those used in this paper, we included all relevant spectral lines and photo-ionization cross sections from all relevant ionization stages. The line profiles were calculated in the impact approximation. We did not include satellite lines with final states above the ionization limits. The free-free absorption was calculated in a simple hydrogenic approximation. Contributions from electron scattering were also included.
It is seem from figure 16 that the total absorption is a complicated function of ω. It would be difficult to detect experimentally features in the free-free cross sections, such as the features shown in figure 10 . However, accurate values of the free-free cross sections would be required in order to obtain accurate total cross sections.
Be II targets
In the previous subsection we have discussed in some detail results for C +3 and in the present subsection we discuss more briefly results for the iso-electronic ion Be + . The calculated frequency for the Be + 2s-2p resonance lines is ω 0 = 0.1574 au, giving an effective quantum number ν 0 = 2.5194 for 2sν states at the 2s limit. It follows that all (or nearly all) of the Be 2p3 states lie above the 2s limit (for C +3 they all lie below). Also levels with configurations 2s2p and 2p 2 for Be lie much higher, relative to the 2s limit, compared with C +3 (the 2p 2 1 S state lies just above the 2s limit (Norcross and Seaton 1976, Seaton 1976) . Calculated cross sections for photo-ionization of Be excited states show some quite dramatic PEC resonances. As an example, we show in figure 17 the cross section for Be 2s3s 1 S. It may be difficult to observe such a feature experimentally (unless one has a selective excitation of the initial level) since in a thermal plasma there will be other features giving comparatively large absorptions at the frequencies of interest.
We make calculations for Be II at T = 7000 K (at that temperature and with log(N e ) = 14.5, we obtain N(Be I)/N (Be II) = 0.111). Figure 18 shows K ω for Be + calculated including (Be + + e − ) free-free, the Be 2s-2p lines broadened by electron impacts and photo-ionization of Be (we do not include contributions from Be satellite lines). The Be levels 2p 2 3 P and 1 D and 2s2p 1 P o have threshold frequencies for photo-ionization which are smaller than ω 0 , and comparatively large cross sections. The position of the threshold for 2s2p 1 P o is shown in figure 18 . For the case of C +3 we saw, in figure 15 , that in the vicinity of the resonance line the free-free background had a magnitude comparable to that of the photo-ionization background. For Be, on the other hand, the photo-ionization background is much larger than the free-free background.
Some comments on spectroscopic diagnostics may be worth making. Using an observed absorption spectrum one could draw a continuum level (more or less free-hand) and : and may be an underestimate because the observed spectrum does not take one out to the full line wings (which are particularly important for Be). Reliable attempts at spectroscopic diagnostics should involve the calculation of synthetic spectra, taking account of all relevant processes, and adjusting parameters such as T and N e so as to obtain the best agreement with observed spectra.
Summary
For absorption by a system of (ion + electron), free-free transitions and line broadening in the one-perturber approximation constitute a single quantum mechanical process. Calculations are made using the code STGFF. We have made calculations for free-free transitions in hydrogenic systems and for cases of simple He-like ions. For the case of C IV we have considered in some detail the 2s-2p resonance line. Similar calculations for Be II are described more briefly.
The calculations using STGFF take a lot of computer time. Thus for C IV we use a frequency interval δω = 4.5 × 10 −4 and employ 2000 frequency points. For each (SLπ ), (SLπ ) combination we therefore consider 4 × 10 6 transitions. The calculations are made for 18 such combinations, involving 7.2 × 10 7 transitions. The total amount of computation involved is therefore equivalent to that which would be required for the computation of 7.2×10 7 oscillator strengths in a system of comparable complexity.
In the far wing of the line two further processes are considered, transitions of the type in → f n where in is an excited bound state and where f n is either an auto-ionizing state (giving PEC resonances) or is a bound state (giving satellite lines).
There are, of course, other line-broadening mechanisms not considered in the present paper. In a plasma thermal Doppler broadening is always present. There is also broadening by Stark effects due to ion microfields (quadratic effects for non-hydrogenic systems) which are particularly important in dense plasmas.
